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Introduction:

The Laser-Materials Interaction Laboratory at the Center for High
Technology Materials of the University of New Mexico is devoted to the study
of a broad range of laser spectroscopic probes of semiconductor and nonlinear
materials, fabrication processes and optoelectronic devices. Much of this
work is being carried out in conjunction with the Optoelectronics Research
Center Program at CHTM, which is also partially funded by the Air Force
Office of Scientific Research. Significant progress has been made during this
reporting period in a number of areas including: ultrafast operation of
optically-pumped resonant periodic-gain GaAs surface-emitting lasers;
grating coupling to surface-plasma waves; and high-speed Si Schottky
photodiodes. Only brief summaries of this work are presented here. More
detailed descriptions are included ir the attached preprints and reprints.

Ultrafast operation of RPG-VCSELs:

High speed pulsed opertion of surface-emitting lasers is necessary for
applications involving information processing. @ We have investigated
experimentally and theoretically the picosecond dynamics of resonant
periodic gain (RPQG) vertical cavity surface emitting lasers (VCSEL) optically
pumped directly into the gain region. The pulsewidths and pulseshapes
obtained from the cross correlation of pump and signal pulses, showed a fast
rise and a relatively slower fall time. This was the first report of time-
resolved output pulse shapes for these lasers. The shortest pulse width of ~
13.4 pd esd obtained at a pump fluence (~ 5 x threshold) of 0.6 nd. The
dependence of pulseshape and pulse delay agree well with a simple rate
equation gain switching model. This model gives a cavity lifetime of 8.3 ps
and, thus, a lower bound on the cavity mirror reflectivites of R1jR2>0.99. This
is the first direct measurement of the mirror reflectivities and is in good
agreement with the values calculated from simple Fresnel reflectivity
models.

Grating Coupling to Surface-Plasma Waves:

Work on this project was primarily completed and reported in the prior
annual report. Papers based on this work have now been published and are
included in the appendix.

High-Speed Si Schottky Photodiodes:

Relatively little work has been reported on high-speed ultraviolet detectors.
As ultrafast UV-sources become more available, these is increasing interest
in high-speed detectors for monitoring photochemical and other high-speed
phenomena. In addition, UV is alway of intcrest for space-based systems
because of the reduced optics size associated with the shorter wavelength.
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Application will require development of improved detectors as well as
sources. We have developed and tested (UV-heterodyne characterization at
334 nm)high-speed planar Ni-Si-Ni Schottky barrier photodetectors. For a
4.5-uym gap geometry, a 16-GHz 3-dB heterodyne response, limited by
packaging effects, is measured at a wavelength of 334 nm. This is the
highest reported speed for a Si detector at any wavelength. A photodiode
transport model, including carrier drift, diffusion, and recombination is in
good agreement with the measured detector frequency response. This model
gives a 24-GHz 3-dB point for the present detector exclusive of packaging
response and predict a 86-GHz 3-dB response for a 1-um gap geometry.
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PUBLICATIONS

A cumulative list of publications for this program is attached. Only
new manuscripts or newly published versions of previosly reported preprints
are included in the appendix. These are printed in boldface in the
publications list.
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Ultrafast Operation of Optically Pumped
Resonant Periodic Gain GaAs Surface
Emitting Lasers

A. MUKHERJEE, M. MAHBOBZADEH, C. F. SCHAUS, anp S. R. J. BRUECK

Abstract—Generation and characterization of picosecond optical
puises from vertical-cavity resonant-periodic-gain GaAs-AiGaAs sur-
face-emitting lasers optically pumped by picosecond dye-laser pulses is
reported. The output pulseshape was obtained from the cross correla-
tion of pump and signal pulses. Dependence of signal pulsewidth and
pulse delay on pump power were investigated. The results are in good
agreement with a simple rate equation model of the pulse formation. A
cavity lifetime of 8.3 ps, compared with a gain medium transit time of
~0.1 ps, is determined for this very high-Q structure.

1. INTRODUCTION

NTEREST in vertical-cavity surface-emitting lasers

(VCSEL’s) has grown recently. The rapid progress has
been due largely to the development of high-reflectivity Bragg
reflectors which are grown (by either MOCVD or MBE) as
an integral part of the laser structure. TFhe relative simplicity
of fabrication, the potential for low threshoid, high efficiency
lasers, and for high density two-dimensional array operation
are especially attractive. Several alternate configurations of
the gain region including simple heterostructures {1], multi-
ple quantum wells [2], resonant periodic gain (RPG) multiple
quantum wells (3], (A\/2 separation), and single quantum
well [4], have been demonstrated with either electrical or
optical excitation.

For applications involving information processing, high-
speed pulsed operation of these lasers is necessary. The very
short cavity length (~2-5 um) results in a very rapid photon
transit time; however, the very high-Q resonators necessary
for laser operation substantially lengthen the cavity lifetime,
and hence the gain-switched pulsewidth. Optical pumping
with ultrafast laser pulses provides an important technique for
evaluating the fundamental laser temporal behavior without
the complications of circuit parasitics which inevitably effect
electrical pumping measurements. A modulation bandwidth
of 8 GHz has been reported by Jewell er al. {5). Raja et al.
[6] reported optical pumping results for a 20-period RPG
GaAs-GaAlAs laser excited at 620 nm where the dominant

Manuscript received August 22, 1990; revised October 1, 1990. This
work was supported by the Air Force Office of Scientific Research.
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excitation was into the first Bragg reflector followed by
photoluminescence pumping of the gain region. Time delays
between the pump pulse and the RPG output were ~ 1 ns
dominated by the photoluminescence lifetime; instrumenta-
tion-limited pulse width measurements were ~ 1 ns. Re-
cently, Karin ef al. [7] reported on autocorrelation measure-
ments for a optically-pumped MBE-grown 20-period RPG
VCSEL with 30-nm quantum wells. Pulsewidths of < 6 ps
were reported for a comparatively low-Q cavity (92.2 and
98% mirror reflectivities).

In this letter, we report on experimental observation and
theoretical simulation of the picosecond dynamics of RPG
VCSEL’s optically pumped directly into the gain region. The
pulsewidths and pulseshapes obtained from the cross correla-
tion of pump and signal pulses, showed a fast rise and a
relatively slower fall times. This is the first report of time-re-

solved output pulse shapes for these lasers. The shonest(

pulsewidth of ~ 13.4 ps was obtained at a pump fluence
(approximately five times threshold) of ~ 0.6 nJ (4-ps pump
pulsewidth in a ~ 10-u diameter spot). This same structure
was previously used for CW investigations [3] and had very
high calculated mirror reflectivities (R, R, ~ 99.6%). The
dependence of the output pulsewidth and delay on the pump
power are reported. The pulsewidth, pulseshape, and delay
agree well with a simple rate equation model.

II. THEORY
The normalized rate equations describing the temporal
behavior of the carrier density and the optical intensity in the
laser cavity are given by
dn

== —n(-:—:) —S(n—n,,)+P(-:—°) (M)
das '

e -S4+ S(n-n,) (2)
where

7 = time normalized to the cavity lifetime (= ¢/7,)

n = carrier density (normalized to the clamped carrier den-
sity above threshold, neglecting transparency, n, =
1/B87. where B is the gain coefficient per carrier)

§ = photon density (also normalized to n,)

P = optical pumping rate (normalized to the cw threshold,
neglecting transparency requirements, Py, = 1/87.7,)

7, = carrier lifetime in the gain region

7. = cavity lifetime, and

C
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T
Fig. 1. Time evolution of pump pulse, carrier population and photon
output based on a simple rate equation model of a gain-switched semicon-
ductor laser.

« = the carrier concentration (normalized to n,) required
for transparency.

For a pump pulse with a Gaussian temporal profile of
FWHM ~ 4 ps, (1) and (2) were numerically integrated
using a simple predictor-corrector algorithm. The result for
the temporal evolution of the carrier and photon density
corresponding to a pump power of 5 Py is shown in Fig. 1.
The time scale is normalized to the cavity lifetime and the
vertical axis to n_.. The pump pulse is also shown in this
figure. Notice that the carrier density rises as the integral of
the pump pulse and then undergoes a very slow spontaneous-
emission decay while the photon density is building up from
very low initial levels. The gain switched output pulse, along
with a concomitant rapid depletion of the carrier density
occurs after a delay of several cavity lifetimes. Note that the
output pulse is asymmetrical with a relatively fast rise and a
slower decay. Following the output pulse, the carrier concen-
tration is depleted to below hreshold and decays with the
spontaneous lifetime. This model, neglecting gain and ab-
sorption saturation, Auger recombination, etc. is a simplifi-
cation of the actual situation. However, it provides a very
good fit to the experimental data. A simple model extension
to empirically include gain saturation has been presented by
Morton et al. [9].

1. EXPERIMENT

The VCSEL structure was grown by MOCVD on a GaAs
substrate. The laser structure consisted of a 30;-period

Gag ;5Al, ;5As~AlAs \/4-reflector stack (calculated reflec--

tivity 99.9%), a 20-period RPG region with 10-nm GaAs
quantum wells and GaggAl,,As A/2-spacers, and a 20-
period Gag ,5Al ;s As- AlAs A /4-output reflector (calculated
reflectivity 99.7%). The Al concentration in the gain region
spacers was lower than that in the mirror stacks to allow for
direct optical pumping of the gain region. Details of the
MOCVD growth and laser structure have been reported
previously [3].

The VCSEL was optically pumped with the output of a
CW-modelocked dye laser (4-ps pulses, 82-MHz repetition
rate at 740 nm). A typical second-harmonic intensity autocor-
relation of the pump pulses showing an actual pulsewidth
~ 4 ps is shown at the inset in Fig. 2. Notice the absence of

" any coherence spike in the autocorrelation indicating stable

dye-laser operation [8]. This pulse train was focused to a spot
diameter of ~ 10 um using a 10 X -microscope objective
(available average power at the gain region was 60 mW
accounting for optic loss, measured reflectivity from the
VCSEL fromt surface and estimated absorption in the top

{EEE PHOTONICS TECHNOLOGY LETTERS, VOL. 2, NO. 12, DECEMBER 1990

48

3 e “114’-"‘
-g 15 fl 1
bttt A s e
-08 a. -
-200 ~100 [ 100 200

Time (ps)

Fig. 2. CmconehtionbetweentheRPGVCSEwawlsemdme
dye laser pump pulse for a pumping level approximately five times
threshold. Note the asymmetry of the output pulse (solid line) in good
agreement with the calculated pulse shape (dotted line). The theoretical
time delay as well as the output level were arbitrarily adjusted for this fit.
The insert shows the auto correlation of the pump pulse of ~4 ps
FWHM.

mirror (15%); the VCSEL output was collected by the same

objective and directed into the correlator along with a split-off

portion of the pump-pulse train. The harmonic crystal was
rotated to provide a cross-correlation response at the 398-nm
sum frequency of the 740-nm pump and the 862-nm VCSEL
output. This procedure provides the pulse width and a rela-
tive pulse delay. For the shortest pulse delay, both the pump
pulse reflected from the VCSEL and the output pulse were
observed with a fast detector and oscilloscope combination to

provide a calibration of the peak-to-peak time delay (~ 16

GHz bandwidth to determine the absolute delay); this intro-

duces a relative error of ~ +3 ps.

The cross-correlation signal for the shortest VCSEL output
observed is shown in Fig. 2. The pulse width is ~ 14 ps with
a fast rise- and a relatively slower fall-time. Taking the finite
pump pulsewidth into account, the pulsewidth of the VCSEL
was estimated to be ~ 13.4 ps. The small prepulse is due to
a residual satellite pulse present in the pump pulse train used
for this particular measurement. The relatively longer
pulsewidth from our VCSEL compared with a FWHM <6
ps reported in [7] is attributed to our higher mirror reflectivi-
ties, resulting in longer cavity lifetimes. The dotted line is the
numerical result from the rate equations for the parameters,
7.=83ps, n, =05, 7,=200 7, and P = 5. The time
delay and pulse amplitude were independently adjusted to
match the experimental result. Good qualitative agreement
with the details of the experimental pulseshape is obtained.

An input-output curve for the ultrafast operation, Fig. 3,
of this VCSEL showed a threshold of 10-mW average power.
The external slope efficiency of the theoretical input-output
curve was adjusted to the experimental value of ~ 10%. The
cross-correlation data showing the pulsewidth and peak-to-
peak delay as a function of pump power is shown in Fig. 3.
The x-axis is pump power in units of threshold power and
the y-axis is time in units of cavity lifetime. The solid lines
represent the theoretical fit for the identical parameters used
to fit the pulseshape (Fig. 2). In fitting these data, the
calculated results for P were renormalized by 1/(1 + n,) to
account for the transparency requirements. That is, the defi-
nition of Py neglects transparency requirements; since the
experimental data are normalized to the actual threshold,
including transparency requirements, the model values of P
are divided by (1 + n,) for comparison. Again, there is very
good agreement. There exists some uncertainty in the 7, and
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Fig. 3. PowerdependenceofﬂnRPGVCSEL output pulsewidth, delay

from the pump pulse, and output power. The power axis has been
normalized to the observed threshold power for the experimental results
and 0 the cw threshold (including transparency requirements) for the
model results. Good agreement is obtained for a cavity lifetime of 8.3 ps.
The dashed curve associsted with the pulse delay data is an approximate
analytic resuit (see text).

n, values; comparable fits were obtained for a relatively
wide range of values. A time-resolved photoluminescence
experiment to independently measure 7, is planned; this will
allow a more precise estimate of n, from this model. The
experimental points for both pulsewidth and delay deviate
from the theoretical fit towards longer times for higher pump
powers. This may result from gain saturation or spectral hole
burning leading to absorption saturation of the pump. Any
mechanism that decreases the gain below the linear regime of
the model will result in a saturation in the pulsewidth and
delay above that predicted by this simple model.

IV. DiscussioN

It is informative to compare the cavity lifetime with a
simple cavity transit time. The cavity consists of the 20 A/2
periods of the gain region plus the distributed mirror layers.
An effective cavity length is given by including the mirror
1/e lengths (~ 10 A\ /4 sections for each mirror) along the
gain region; this gives round-trip transit time 7, of ~9 X
10~ '* 5. The effective cavity parameters are related to these
times by the simple relationship

1= RRye = 1, /7, )

where R, and R, are the mirror reflectivities and o is the
(effective) loss coefficient due to background and mirror
scattering and free carrier absorption. Assuming that the
mirror reflectivities are the theoretical values of 99.9% and
99.7% for the present structure, (3) can be used to estimate

e~2*' — 0.993. This result is consistent with the observed
dm’erentml quantum efficiency in this experiment of ~ 12%,
but is inconsistent with the much higher differential (and
indeed overall) power conversion efficiencies observed for
CW excitation in this same structure [3). This discrepancy
may be due to higher photon losses in the pulse excitation
case where much higher intensities leading to saturation and
multiphoton excitation processes are possible. Detailed mea-
surements as a function of mirror reflectivity are underway to
resolve this issue.

It is possible to obtain an approximate analytic result for
the time delay between the excitation and output pulses,
assuming that both pulses are short compared with the time
delay from (1) and (2). During this time delay, the photon
density is negligible so that (1) simply gives an exponential
decay for the carrier density from the initial excitation pulse

859

at the carrier lifetime 7,. This result is then substituted back

into (2) which can be integrated to yield

S(r) = Soexp {—7(1 + n,) + E(r,/7)(1 - e ""</1,)}
)

for a delay time much less than 7,. Here, E is the integrated

energy in the pump pulse. The second exponential in (4) can
be expanded with the result that for an exponential growth of
A for lasing the very simple result

Tactay ~A1,/[P—- (1 +n,)] (5)
is obtained. Traditionally, values of A between 20 and 30
have been invoked for amplification above the background
levels, a value of 23.5 provides the best fit with the detailed
numerical calculation. This result is plotted as the dashed
curve in Fig. 3. Good agreement is obtained with the more
exact numerical calculation.

We have reported generation and characterization of ultra-
fast optical pulses from a GaAs-GaAlAs RPG VCSEL opti-
- ally pumped by 4-ps duration dye-laser pulses. Cross-corre-
lation experiments yield a minimum pulsewidth of ~ 13.4 ps
as well as the asymmetric pulse shape, and the power depen-
dence of the pulse duration and delay. These results are in
good agreement with a simple rate equation model of the
gain-switched pulses. Analysis of the results point to varia-
tions in cavity losses between CW and pulsed operation of
these lasers. Clearly, a shorter cavity length and/or lower
mirror reflectivities will yield shorter pulses. Further investi-
gations are underway.
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A Simple High-Speed Si Schottky Photodiode

B. W. Mullins, s, F. Soares, K. A. McArdle, C. M. Wilson, and S. R J. Brueck

ADbstract—Design, fabrication, and UV-heterodyne character-
fzation of NI-8i-Nl metal-semiconductor-metal Schottky bar-
rier photodetectors is reported. Planar detectors were fabel-
cated, with & simple 3-Jevel Nthography process on bulk Si, is
both simple-gap and interdigitated geometries with gap dimen-
sions from 1 to S pm. Frequency response of these devices was
characterized using a CW-lnser heterodyne system at 334.5 um.
For 8 4.5-xm interdigitated device, 8 3-dB response of 16GHz bs
measured, giving 22 GHz when deconvolved from the
package /consector. A detalled theoretical model of the photodi-

ode respouse Incorporating effects of carrier tramsport and de-
vice geometry is in excellent sgreement with the measurement.
This model predicts an 86-GHz 3-dB response for the 1-ym gap
geometry devices.

InTRODUCTION

HERE has been extensive research on lugh-speed low-

noise photodetectors in the 0.8-1.5 um wavelength range
for use in optical communication systems. Four general
device designs, p-i-n [1], [2], vertical Schottky barrier [3],
planar Schottky barrier [4]-[7], and avalanche photodiode
[8], have been developed. Device materials include Si (S},
[9), InGaAs (8], and strained-layer superlattices [10]. In the
near infrared region, very fast, highly responsive detectors
have been fabricated. Frequency tesponsesupto67GHzand
quantum efficiencies of 80% have been reported for p-i-n
devices [2]. The fastest Schottky-barrier devices reponed
have a 110-GHz frequency response [4).

In contrast, relatively little work has been reported on
ultraviolet detectors. As ultrafast UV sources become avail-
able, there is increasing interest in high-speed detectors for
monitoring photochemical and other high-speed phenomena.

The most salient materials characteristic at UV wave-
lengths that determines detector design is the very high
absorption coefficient of ~ 10° cm ™' for almost all semicon-
ductors. This dictates a design with very shallow junctions in
traditional vertical geometries and favors the planar struc-
ture.
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High-speed UV detectors have been reported uaing vertical
Schottky barrier [11), planar interdigitated Schottky barrier
[9), Si p-n junction, and vertical p-i~n with a thin p-layer
[12], with only moderate success. A promising design used a
planar interdigitated Schottky barrier with a low-frequency
quantum efficiency of 12% at 337 nm and a frequency
response of 5.3 GHz, measured at 800 am [9). No picosec-
ond impulse, autocorrelation, or heterodyne response meas-
urements at UV wavelengths have been reported.

We report on fabrication and UV-heterodyne characteriza-
tion of high-speed planar Ni-Si- Ni Schottky barrier photode-
tectors. For a 4.5-um gap geometry, a 16-GHz 3-dB hetero-
dyne response limited by packaging effects, is measured at a
wavelength of 334 nm. This is the highest reported speed for
an Si-based detector. A photodiode transport model, includ-
ing carrier drift, diffusion, and recombination, is in good
agreement with the measured detector frequency response.
This model gives a 24-GHz 3-dB point for the present
detector exclusive of packaging limitations. For a 1-um gap
geometry, the model predicts an 86-GHz 3-dB response for
these simple Si detectors.

The detector consists of a side-by-side pair of metal-
semiconductor junctions comprising a metal-semicon-
ductor-metal (MSM) diode. The exposed semiconductor,
between the metal pads, nsﬁlllydeplewdwnhmappmpmte
applied bias. This depleted region is the photosensitive region
of the diode, and high applied fields result in very fast,
saturated drift velocities of the charge carriers. It is important
to appreciate that both electron and hole velocities are equally
important in this configuration. In this regime, Si offers
performance comparable to GaAs and InP, in contrast to the
situation in which dnly electron velocities and mobilities are
important. The direct access to the depletion region by UV
photons avoids the short absorption length problem inherent
in other designs.

A common phenomenon, reported for all MSM devices, is

~ a spurious gain mechanism leading to an anomalous effective

quantum efficiency, > 100%, at low frequencies [9], [13].
Tentative explanations have been put forth [14], but no
definitive models bave been presented. This phenomenon is
also seen in the devices tested in this study. Our results
indicate that this gain is most likely photoconductive resulting
from junction leakage; a more detailed analysis will be
published elsewhere.

FABRICATION OF Ni-Si-Ni MSM ScHOTTXY BARRIER
‘ PrOTODIODES
MSM photodiodes were fabricated with Ni Schottky con-
tacts on bulk Si (n ~ 8 x 10" cm™>). A planar, lateral
geometry with both contacts on the top surface of the Si was

1041-1133 /91 /0400-0360801.00 ©1991 IEEE
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Fig. 1. MSM detector structure. pad: 75 x 7S xm?. Window:
25 x 20 pm’. (2) Cr/Au (200 nm). (b) Ni (30 am). () SiO; (80 am). (d) Si

used; both simple-gap and interdigitated, or serpentine-gap,
devices were fabricated with gap widths varying -from 1 to
4.5 um. A representative structure is shown in Fig. 1. The
first layer is an 80-nm-thick SiO, film. Windows, ranging
from 100 to 500 xm?, expose the semiconductor surface
where the Schottky contacts are formed. The oxide serves to
isolate optically inactive metallization arcas and reduce junc-
tion capacitance and dark current. The second layer is a
30-nm-thick Ni film with a series resistance of 50-60 @ and
a transmission of 17% at 334.5 nm. The Ni-Si contacts form
the MSM photodiode. The photosensitive semiconductor re-
gion between the contacts varies in area from 15 to 90 pm’
in the simple-gap geometry. The final layer is a 30/170 nm
Cr/Au film to form the 75 X 75 um® bonding pads.

Photodiodes were fabricated using conventional pho-
tolithography, including standard liftoff techniques for metal
definition. Si wafers were cleaned and inserted into a pre-
heated furnace (1100°C), with an O, flow of 4 1/min, for 25
min, to grow the 80-nm oxide. The windows in the oxide
film were etched, and the metal films deposited in three
photolithographic steps. Metal films were deposited in an
electron-beam evaporator at a rate of 0.5 nm/s.

Afier fabrication, wafers were cleaved to scparate dies
incorporating detectors with variations in geometry and di-
mensions. An individual die was mounted at the edge of an
Au-on-alumina microstrip high-speed package using heat-
conductive epoxy. The package was mounted on an Au-coated
Al block and an SMA connector (18-GHz bandwidth) was
pressure fitted to the strip. Gold wires (25-pm diameter) wers
wire bonded between the photodiode, the package, and
ground. Care was taken to ensure short bond wires so that
currents, in this nonoptimized design, were <50 nA for a
25-um-long device at a 10-V bias. For broad-band photodi-
ode applications, the noise associated with this low dark
current is negligible in comparison to RF-amplifier input
noise.

—r

[

EXPERIMENTAL ARRANGEMENT

A UV-heterodyne system was developed to characterize
these detectors [15]. A single-mode Ar*-jon laser, A = 334.5
nm, and an intracavity doubled (LilO,), frequency stabilized
dye laser provided the local oscillator and signal beams,
respectively. Careful attention was placed on beam and polar-
ization overlap. A typical local-oscillator intensity of 10’
W/cm? (~2-um FWHM) at the detector was necessary to
reach shot-noise-limited detection. The gain of the RF-
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amplifiers and cabling from the SMA connector to the RF-
spectrum analyzer was calibrated from 1 MHz to 18 GHz
using a vector network analyzer. Absolute responsivity R(w)
was confirmed by comparison to the measured dc responsiv-
ity of a well-characterized low-frequency commercial detec-
tor.

ResuLts

Measurements of R(w) were made on several different
detectors under a variety of conditions. The bulk of these
measurements were used to validate an MSM detector re-
sponse model that predicts high-speed detector performance
as a function of bias and beam diameter and position on the
detector, using Si carrier transport properties [15]. The model
includes effects of carrier drift, diffusion, and recombination.
A more detailed description will be published elsewhere. The
model was compzred to the measured frequency response for
gap dimensions of 4.5, 3,.and 1 um with differing biases and

R(w) curves are shown for a 4.5-um gap interdigitated
detector at 30- and 10-V bias. (Figs. 2 and 3) Heterodyne
signal levels were greater than 20 dB above the shot-noise
floor across the entire frequency range; the ~ +1 dB varia-
tions are due to package and electronics resonances as can be
seen by noting the pattern similarity in the two figures. The
2-um FWHM beam was centered in the detector gap, and
R(w) was measured out to 18 GHz. The 30-V data (Fig. 2)
have been extended to show the low-frequency gain region,
inherent in all MSM photodiodes. Two theoretical plots are
shown. The upper curve in both graphs is the detector model
which is in good agreement with the data out to about 14
GHz. At these frequencies, the bandwidth limitations of the
SMA connector on the detector package become important.
The SMA connector-detector package can be modeled as the
product of a simple single pole, with a characteristic fre-
quency of 18 GHz, due to the SMA connector, and the
detector response. This leads to the lower modeling curve.
An excellent fit is obtained out to the experimental frequency
limit of 18 GHz, constrained by available amplifiers. The
effect of the SMA connector can be seen on both the 30- and
10-V data. The variation in the frequency response for these
two cases arises because of the (slight) change in carrier
velocities at the two applied field strengths in this saturated
regime. The only adjustable parameter is the overall quantum
efficiency.

An extrapolation of the detector bandwidth can be made
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The calculation was carried out for a fixed 2-ym illumination spot and &
fixed biss of 10° V/cm. The reduced responsivity for the smaller detectors
is simply a geometrical effect due to the reduced overlap between the beam
and the active detector ares.

from the model, assuming an ideal RF package. At 30-V
bias, the bandwidth of this 4.5-um gap detector is 21.5 GHz.
Increasing the bias will result in slightly higher carrier veloci-
ties and should give a 24-GHz bandwidth for a 4.5-um gap
Si-based detector. Scaling the response to smaller detector
gap widths of 3 and 1 um, the model predicts bandwidths of
34 and 86 GHz, respectively (cf. Fig. 4). The lower respon-
sivity shown for the smaller detectors is simply a geometrical
effect as the calculation is carried out for a fixed incident spot
size. This high-speed response is comparable to the fastest
reported GaAs detectors. The high-frequency ultraviolet re-
sponsivity of these detectors, 0.032 A/W (~12% quantum
efficiency) with no antireflective coating, is very high for
detectors with these large bandwidths. The quantum effi-
ciency of the smaller gap detectors scales only with the gap
dimension/spot size ratio. Thus, if the incident spot is smaller
than the gap dimension, then the quantum efficiency remains
nearly constant. Smaller detectors and tighter focusing will
lead to a significantly improved quantum-efficiency band-
width product.
ConcLusiON

A high-speed MSM photodiode, based on bulk Si and
fabricated by a simple, inexpensive process, has been demon-
strated. The bandwidths of these devices compare well to the
fastest reported GaAs devices. A major advantage of this
device for UV applications is the relative robustness of Si
compared to GaAs when subje.. d ¢o intense ultraviolet
radiation. GaAs devices were also fabricated; however, they
showed severe degradation, on a time scale of minutes, when
subject to the intense local oscillator irradiation. This degra-

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 3, NO. 4, APRIL (99}

dation was irreversible and severely limits the applicability of
the unpassivated GaAs devices for ultraviolet applications. In
contrast, the Ni-Si devices were extremely robust with no
changes in speed or responsivity observed over time scales of
several months—both for devices stored in laboratory ambi-
ent and devices subjected to many hours of high-intensity UV
irradiation.

The simplicity, manufacturability, interconnection compat-
ibility, and robustness of the planar-Si MSM photodiode
make it a strong candidate for applications where the ultimate
conpection is to a silicon VLSI circuit. The high-speed
high-responsivity detector presented here is an ideal candi-
date for many applications due to its materials compatibility
with standard Si technology and the absence of complex and
expensive epitaxial growths.
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Grating coupling to surface plasma waves.
I. First-order coupling
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A systematic experxmental and theoretical study of first-order grating coupling to surface plasma waves exist-
ing at an air-Ag interface is presented. The experiment extends beyond previous work to grating depths com-
parable with the grating period. The grating profiles range from sinusoidal to rectangular. For TM-polarized
incident radiation this grating depth range includes the entire spectrum of surface-plasma-wave-radiation
coupling—from underdamped, to nearly 100% eoupling, to overdamped and the disappearance of the resonance

from the zero-order reflectance measurements.

ng polarization and absorption effects are observed for

the deepest gratings. A simple theoretical model, based on the Rayleigh hypothesis and retaining only reso-
nant diffraction terms without a small-signal approximation being made, provides good agreement with the ex-

perimental results.

INTRODUCTION

The study of the interaction of light with periodic struc-
tures (gratings) on metals has a long and distinguished
history. In 1902 Wood' first noted the anomalous behav-
jor (christened Wood’s anomalies) displayed by diffraction
gratings of large and rapid changes in diffraction intensi-
ties for small angular and spectral variations. Rayleigh??
presented in 1907 the first theoretical explanation of these
anomalies in suggesting that such behavior was due to the
cutoff or the appearance of a new spectral order. In 1941
Fano first distinguished between two types of Wood
anomalies: (1) an edge anomaly, with a sharp behavior
related to the passing off of a diffraction order (i.e., a dif-
fraction order passing over the horizon, 90° to the surface
normal) and (2) a resonance a.aomaly due to excitation of a
bound or surface wave at the metal-dielectric interface.*

Surface plasma waves (SPW’s) are TM modes of the
electromagnetic field bound to the interface between a
metal and a dielectric. The condition for existence of the
SPW mode is €.’ < —€4, where &’ is the real part of the
metal dielectric constant and ¢, is8 the dielectric constant
of the dielectric. Related modes, first investigated by
Sommerfeld,® exist when one of the media is highly lossy.
The SPW phase velocity is less than the light velocity in
the dielectric, and phase matching between an incident,
freely propagating wave and the SPW is accomplished
either by a prism® or by grating coupling techniques.

The SPW dispersion relation for a planar metal-air in-
terface is simply given by’

kerw = Rofen/(en + 1)]*2, 1)

0740-3224/91/040770-10805.00

where ko = 27/A is the free-space optical wave vector.
The phase-matching condition for excitation of SPW’s is
satisfied whenever &, sin 6, the component of &, along the
metal-air interface, satisfies the condition

ko 8in 6 = +hgpy' + n2n/d, @

where d is the grating period, 8 is the angle of incidence,
n = x1,22, .. is the coupling order, and Agw' is the real
part of the SPW wave vector. In Eq. (2) the choice of a
negative sign preceding kgpw’ corresponds to a SPW mov-
ing in the direction opposite the incident wave. This ex-
pression assumes that the grating wave vector is in the
plane of incidence; i.e., the grating lines are perpendicular
to the incident wave vector.

The SPW dispersion relationship is plotted in Fig. 1 for
a lossless, free-electron metal (en = 1 - @,'/0?), where
the axes are normalized to the plasma frequency &, and
the corresponding optical wave vector (R, = w, k). Also
shown as two vertical dashed lines, corresponding to the
n = +1 orders in Eq. (2), are the wave vectors of a surface
grating. Finally, the wave vectors accessible in then = 0
and n = z1 orders by variations in the angle of incidence
are shown as horizontal lines. This figure was drawn for
a grating period smaller than the optical wavelength
(A/d > 1); note that there is only one point that satisfies
Eq. (2), for n = -1, and at this incident angle there is no
allowed diffraction order.

In 1967 Teng and Stern first detected SPW’s optically
by bombarding 1200-line/mm (833-nm-period) gratings
with 10-keV electrons and observing the emitted optical
radiation.® They observed that the line shape of the

© 1991 Optical Society of America
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Fig. 1. Dispersion relation of SPW’s for s lossless, free-electron
metal (¢ = 1 - w,’/w?). The axes are normalized to w, and
&, = w,fc. The grating wave vectors corresponding to n = =1
order of a grating of period d are shown as vertical dashed lines.
The range of wave vectors accessible by variations in the input
angle from normal to grazing incidence forn = 0 andn = =1 is
shown as horizontal lines. Note that for this choice of parame-
ters (A/d < 1) there is only one SPW coupling resonance, and at
this resonance angle there is no propagating diffraction order.

emitted radiation was influenced by the surface condition
of the metal but was independent of the energy of the bom-
barding electrons. Cowan and Arakawa carried out a
detailed study of the SPW dispersion curves for dielectric~
metal layers on concave diffraction gratings and also de-
veloped a quantum-mechanical formalism to describe
their results.® Hutley and co-workers published in 1973 a
detailed experimental study of the anomalies of sinusoidal
profile gratings as a function of grating depth'®'* and
characterized the SPW line shapes for grating depths
h ranging up to 60 nm for 500-nm-period gratings (h/d <
0.12). The integral formalism developed by Petit and
others®® was used to describe these results with good
agreement. Pockrand and Raether, in an extensive series
of publications,'* characterized the SPW coupling as a
function of grating period, depth, and profile. The grat-
ings studied were sufficiently deep for better than 98%
coupling into the SPW mode to be realized. A perturba-
tion analysis, developed by Kroger and Kretschmann,'
was used in modeling these results with good agreement,
although clearly the perturbation approach must break
down as the coupling efficiency approaches 100%. A com-
plete theoretical treatment of grating coupling to SPW’s
was provided by Mills and co-workers.®”  Their approach
uses an integral formulation of the boundary-value prob-
lem at the grating interface and an extinction theorem
mechanism following from Green's theorem that was first
applied by Toigo et al.*® The latter study does not give
simple analytic results but relies on extensive compu-
tational and numerical evaluation. Glass ef al.* and
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Weber? simplified this treatment by developing a renor-
malized mode-coupling theory that retained the resonant
terms and treated all other terms within perturbation
theory. Yamashita and Tsuji*® independently developed a
differential formulation that treats the resonantly gener-
ated fields on a par with the incident fields and allows for
saturation and decreases in coupling with increasing grat-
ing depths. They employed a power-series expansion in
koh and restricted their study to small grating ampli-
tudes; simple analytic expressions were obtained for the
coupling strength as a function of A.

In this paper a comprehensive experimental and theo-
retical study of first-order grating coupling to SPW's for a
wide range of grating parameters is presented. The ex-
perimental results establish, for the first time to our
knowledge, a relationship between grating depth and
grating period for SPW coupling and extend to grating
depths that no longer support SPW’s but rather show
polarization and absorption effects. The theoretical ap-
proach is an extension of the Rayleigh hypothesis includ-
ing only resonant terms in the Rayleigh expansion (cf.
Refs. 23-25). This results in considerable simplification;
reasonable agreement between theory and experiment is
found out to depth/period ratios of ~0.5. Gupta et al.*®
used a similar approach to describe grating coupling to
long-range SPW modes on thin, symmetrically bounded,
metal films.

GRATING FABRICATION

Gratings were fabricated holographically in positive pho-
toresist layers spun onto Si substrates with the use of the
488-nm line from a single-mode Ar-ion laser. The details
of the grating fabrication were presented elsewhere.””
The grating profiles were approximately sinusoidal for
shallow depths, evolving toward rectangular profiles as
the depth was increased (cf. Fig. 4 below). After develop-
ment these gratings were coated with ~100-nm-thick
electron-beam evaporated Ag films. Films were de-
posited at room temperature and at background pressures
of low 10™® Torr.

OPTICAL ARRANGEMENT

All of the measurements reported here are of the angular
dependence of the zero-order reflectance for a fixed-
frequency TM-polarized He-Ne laser beam at 633 nm.
The samples were mounted as one surface in a 90° corner
reflector attached to a computer-controlled rotation stage.
This arrangement ensured that the reflected beam was
always returned in the same direction and eliminated the
necessity of a second rotation stage for the detector. The
incident laser beam was focused with a long-focal-length
(0.5-m) lens to a spot of ~2 mm. This provided an angu-
lar limitation of 0.05°, much smaller than the observed re-
flectance variations. Care was taken with the alignment
to ensure that the axis of the rotation stage was in the plane
of the grating so that the laser spot sampled the same area
of the grating throughout a scan. Grating depths were
measured in cross section with a scanning electron micro-
scope (SEM). This introduces some errors, estimated at
+5 nm, owing to uncertainties in the SEM calibration
and variations in the grating depth for the different areas
sampled in the optical and SEM measurements.
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EXPERIMENTAL RESULTS

Zero-order reflectance measurements for a series of 510-
nm gratings with increasing depth are shown on the left-
hand side of Fig. 2. The theoretical modeling shown on
the right-hand side will be discussed below. The major
features to be noted in these measurements include the
following:

(1) The excitation of SPW’s at 8 ~ 11.6° corresponding
to the sharp dip in the reflectivity (note that there is no
diffracted order at this angle, so that this decrease corre-
sponds directly to energy coupled into the SPW mode),

(2) The rapid increase in coupling efficiency with in-
creasing grating depth to a maximum observed coupling
of 94% at a grating depth of 35 nm,

(3) The horizon for the n = ~1 diffracted order at
@ ~ 13.8° (this is apparent as the cusp in the reflectivity
as energy is transferred from the specularly reflected
beam to the diffracted beam).

Similar results for deeper gratings are presented on the
left-hand side of Fig. 3. Note the larger angular scale
in this figure. Specific features to be noted include the
following:

(1) The relatively gradual decrease in the coupling effi-
ciency of SPW's, .

(2) The clear broadening of the SPW resonance with in-
creasing depth,

Zaidiet al.

(3) The shif. in the SPW resonance to smaller angles
with increasing depth,

(4) The residual SPW coupling even at large grating
depth/grating period ratios,

(5) The increasing coupling to the n = —1 diffraction
order. (The sharp spike at ~38° corresponds to the collec-
tion of the n = -1 diffraction order in the optical system
and is not part of the zero-order reflectance. It does pro-
vide a useful monitor of the energy in the diffracted order.)

SEM images of the gratings used for the measurements
of Fig. 3, taken in cross section, are shown in Fig. 4.
Note that the grating shapes are sinusoidal at low depths
but gradually show increasing harmonic components and
trend toward rectangular profiles for the deepest gratings
investigated. This profile modification results from the
grating fabrication technique.?’

Similar experiments were performed for gratings with
periods of 392 and 440 nm, in an investigation of the de-
pendence of the coupling efficiency on grating depth and
grating period. All the experiments were carried out at a
wavelength of 633 nm, in avoidance of variations in the
metal optical properties. Qualitatively similar behavior
was observed, with comparable coupling efficiencies oc-
curring at shallower grating depths for finer gratings.
Experimentally determined coupling efficiencies, reso-
nance angles, and resonance linewidths for all three sets

EXPERIMENT THEORY
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Fig. 3. Continuation of Fig. 2 for deeper gratings. Note the ex-
panded angular scale. Again, the left side [(a)-(d)] presents ex-
perimental results; the right side {(e)-(h)} thearetical modeling.
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the n = -1 diffraction order entering the collection optics and
are not a part of the zeru-order reflectivity.
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Fig. 8. Data of Figs. 5-7 for the SPW resonance angle, the reso-
nance linewidth, and the coupling efficiency replotted against the
dimensionless parameter h/d. Note that this parameter is ap-
proximately invariant for these three grating periods.

of gratings are presented in Figs. 5, 6, and 7, respectively.
The solid curves are theoretical and will be discussed
below. With increasing grating depth each of the data sets
displays an initial rapid increase in coupling efficiency,
peaking at over 90%, and a slower decrease in efficiency;
an approximately quadratic decrease in the resonant cou-
pling angle; and an approximately quadratic increase in
the resonance width.

These results are summarized in Fig. 8, which shows all
three sets of data plotted against the dimensionless pa-
rameter h/d, ie., grating depth/grating period. Within
experimental uncertainties these results appear to follow
a common behavior. Some of the variability may well
arise from differing grating profiles, especially for the
deeper gratings.

Further increases in grating depth, accompanied by a
change in profile to rectangular, lead to an elimination of
SPW effects. For approximately square gratings strong
polarization effects demonstrate the possibility of the fab-
rication of reflective polarizers for visible radiation. This
is shown in Fig. 9, where reflectance scans for the three
grating periods are given for depths of 200 nm (392-nm
period), 170 nm (440-nm period), and 190 nm (510-nm
period), which resulted in maximum polarization effects.
Note that for TM polarization, almost 100% of the inci-
dent energy (~90% for the 510-nm-period grating) is cou-
pled into the first-order diffraction peak for angles beyond
the horizon for this order. In contrast, only approxi-
mately 20% of the energy polarized in the TE direction is
coupled out of the zero-order reflected beam. Careful
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variations of grating depth and profile must be investi-
gated for optimization of the polarization of the reflected
beam. Such polarization behavior for square gratings
was predicted®®*® and demonstrated in the infrared®; to
our knowledge, though, this is the first observation of
these effects in the visible spectral region. SEM pictures
of the gratings are shown in Fig. 10.

Further increases in grating depth result in rectangu-
lar profiles with decreasing line/space ratios. Angular re-
flectance scans for deep rectangular gratings are shown
in Fig. 11 {(a) 320-nm depth, 392-nm period; (b) 330-nm
depth, 440-nm period; (c) 300-nm depth, 510-nm period].
There is a broad absorption of TM-polarized radiation,
while a large diffraction efficiency, increasing with in-
creasing periods, is observed for TE polarization. Fig-
ure 12 shows SEM pictures of these gratings.

THEORY

During the past thirty years many grating theories based
on the vector character of the electromagnetic field have
been developed. An excellent summary can be found in
Refs. 6, 13, and 20. Integral methods, developed by Petit
and others, evaluate the field at any point in terms of
an integral over the grating surface A (¢f. Fig. 13). A
variation of these integral techniques based on a Green's-
function formalism specifically directed to the evaluation
of the SPW dispersion relation on a periodic surface was
extensively developed by Mills and co-workers?®*! and
Otagawa.” In addition, a differential formalism, devel-
oped by Nevierre et al.,** was applied to SPW’s on a peri-
odic surface by Numata.® All these approaches are fully
rigorous, hold for arbitrary profiles, and require exten-

First-order peak

Zero-Order Reflectance (arb. units)

15 30 45 60
Incident Angle (deg.)

Fig. 9 Sequence of zero-order reflectance scans for approxi-
mately square gratings (A/d ~ 0.5) showing strong polarizing
effects: (a) A = 200 nm, d = 392 nm; (b) A = 170 nm, d =
440 nm; and (c) A = 190 nm, d = 510 nm.
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Fig. 10. SEM pictures of the gratings used for the measure-
ments of Fig. &

sive computation, typically involving matrices of order 40

or .

A number of differential analyses, usually based on a
perturbation expansion in koh, where A is the grating
depth, and relying on a Rayleigh or plane-wave approach
have also been presented.'®* In these treatments the
scattered field amplitudes are also treated as small quan-
tities, of the order of koA times the incident and reflected/
transmitted field amplitudes. These models have the
virtue of relatively simple analytic results and ready physi-
cal interpretation. These perturbational approaches
clearly break down as the coupling efficiencies into SPW
modes and diffraction orders approach unity, since they
do not self-consistently describe the necessary decrease
in the zero-order reflected and transmitted beams.
Yamashita and Tsuji?® treated the coupling problem
within the Rayleigh hypothesis without making the small-
signal approximation for the resonant scattered fields;
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however, their treatment retained the expansion in koh,
which limits its applicability to larger grating amplitudes.
Nevertheless, their model provided an elegant analytic
result that included the quadratic [ x(koh)?] increase in the
SPW intensity with grating depth for shallow gratings,
the saturation of the SPW intensity at a coupling effi-
ciency near 100%, and a gradual decrease of the coupling
[« (koh)™?] for deeper gratings as the energy is coupled
back into the radiating fields, in qualitative agreement
with the experimental results presented above. Weber?
presented a related analysis, based on the extinction theo-
rem, that retains the nonresonant terms in a perturbation-
theory expansion in koh while also keeping the resonant
terms.

These models begin with a time-harmonic, plane-wave
expansion of the electromagnetic field in the regions out-
side the grating kerf (2 < 0 and z > A, Fig. 13); the mag-
netic fields of the TM-polarized fields are given by

B® = B'e, = {expli(k,y + k,2)]

+ 2 B, exdi(kuy - anz)]}en z2<0 (3a)

and
B" = B™e, = 3 B", expli(k.y + Ba2)les,
z>k, (3b)
where k, = ko8in 8, k, = kg cos 0, k, = k, + ng,

n=02=12%2_. g=27/d is the grating wave vector
with d the grating period, a. = (k.2 ~ k"), B, =

- First-order peak
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Fig. 11. Sequence of zero-order reflectance scans for deeper
rectangular gratings (h/d ~ 1) showing strong absorption effects:
(@) A = 520 nm, d = 392 nm; (b) A = 330 nm, d = 440 nm; and
(©) A = 300 nm, d = 510 nm.
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(b)

Fig. 12. SEM pictures of the gratings used for the measure-
ments of Fig. 11

METAL, € (@) *l l'- r‘

Fig. 13. Geometry used in the analysis.

o(R2 — eako’)'?, and e, is the metal dielectric constant.
Within the grating kerf (0 < z < A), the validity of this
expansion is not well established. Rayleigh made the
assumption, known as the Rayleigh hypothesis, that for
sufTiciently shallow gratings this expansion is valid every-
where. This hypothesis was investigated by Van den Berg
and Fokkema®® and shown to be analytically correct; Petit
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and Cadilhac*® showed that for TE polarization the Ray-
leigh expansion is convergent for h/d < 0.14, and pointed
out that reliable resulta could be obtained even for h/d val-
ues as great as twice this limit. A detailed analysis of the
applicability of the Rayleigh hypothesis to real materials
was recently presented.”” Glass e al.* pointed out that
the extinction theorem formalism leads to the identical
dispersion relation.

The approach used here in the comparison with experi-
ment is to apply the Rayleigh hypothesis for TM-polarized
input radiation. For the gratings used in these experi-
ments, h/d extends to 0.8, although detailed comparisons
are attempted only to ~0.3. The calculation does not
make a small-signal approximation for either the grating
depth or the diffracted field amplitudes. The plane-wave
expansion [Eqs. (3)] is truncated by the retention of reso-
nant terms, e.g.,n = 0and 2 = —1. In addition, the next
terms, n = -2 and n = +1 are retained in the numerical
evaluations and are determined to be small relative to the
resonant terms. Energy conservation, i.e., a constant
total of the energies in the diffracted beams and absorbed
in the metal, is used as a further check on the calculation.

Thus Eq. (3) is assumed to hold up to the grating sur-
face defined by

f(» = u sin(gy), @
where ¥ = h/2 is the grating amplitude. Using the gener-
ating function for Bessel functions, we can write

explivf(y)] = expliru sin(gy)] = T explipgy)J,(yu).
(5)
The boundary conditions satisfied by these fields are

{B*(% 2) = B™y, 2)}s-pn 6)
and
{GB;(M 2) _ 1 9B™y Z)}I. ’ -
n € On -y
where ‘

2T 52
z ayay

Applying these boundary conditions leads to an infinite

set of coupled linear equations:

Y B™J,-(B.u) = 0
®)

Jp(k:u) + 2 an("l)’-.',p-n(anu) -

and
(3. - 2%

(k) — 2[«. - g’—'}'ﬁ]a'.(—lr'v,-.

X (aate) - ;‘— z[p. - i"—‘;’:"l"—'}a.v.-.(p.u) =0
®)

where p and n are integers extending from —@ to +w.
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Note that no small-signal approximation was made in the
derivation of these equations. These equations are now
truncated by the retention of only the fields for n = 0 and
a = —1, the reflectedtransmitted and resonant diffracted
terms, which are expected to be large based on phase-
matching arguments [cf. Eq. (2) and Fig. 1]. In addition,
the fields for n = +1 and n = ~2 were retained as a check
on the convergence. The relative field intensities for
these two arders for a 510-nm-period grating at a depth of
22 nm were 0.017 and 0.0018, respectively, lending support
to this truncation procedure. This leads to solving an
8 x 8 matrix inversion for the field intensities.

Using the Green's-function approach developed by Toigo
et al.® Garcia evaluated the SPW fields and line shape for
sinusoidal gratings.® The results, obtained by the inclu-
sion of 60 terms in the numerical analysis, are shown in
Fig. 14(a) for parameters appropriate to an 800-nm-period
Au grating of various depths h; = h/2d. For this grating
period and wavelength (633 nm), A/d < 1, and there are
two possible propagating diffraction orders. The reso-
nance shown in Fig. 14 corresponds to the n = +1 SPW
coupling; there is also a propagating n = -1 diffraction
order throughout this angular range. The numbers label-
ing the SPW curves in the figure represent the relative
intensity of the mode. The results from the present treat-
ment for the same are shown in Figs. 14(b)-
14(d). Note the overall similarity of the calculated
intensities and line shapes. Interestingly, the largest
discrepancy is for the shallowest grating, &, = 0.01, where
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the present calculation yields a SPW intensity that is
24% larger than the more rigorous calculation of Garcia.®
For deeper gratings the agreement is generally within
10%. A similar result was found by Weber*® in his devel-
opment of a coupled-mode analysis. This comparison
indicates that despite the relative simplicity of the formu-
lation the present model provides substantial insight into
SPW coupling.

COMPARISON OF THEORY
AND EXPERIMENT

The initial step in a comparison of this model with the ex-
perimental results is the establishment of the deposition-
dependent dielectric properties of the Ag films. Various
values of the Ag dielectric constant at a 633-nm wave-
length have been reported, viz., (-16.4,0.54),%
(-17.8,0.49), and (-18.9,2.35)." As is reflected in this
wide dispersion of reported values, the dielectric prop-
erties of thin films are dependent on deposition- and
substrate-dependent columnar structure, granularity,
subideal density, and incorporated impurities. Given this
uncertainty, the approach zdopted here is to adjust the
dielectric properties to obtain a best fit to the experimen-
tal result for a single grating [510-nm period, 22-nm depth;
Fig. 2(c)], which gives a value of (—13.65,0.82); this value
was used for all the comparisons between theory and
experiment. The fit for this grating is shown in Fig. 15;
excellent agreement is obtained for a calculated depth of
19 nm. In subsequent measurements, which will be re-
ported in detail elsewhere, the dielectric properties of Ag
films deposited on Si substrates under identical conditions
were determined independently by ellipsometric tech-
niques to be (~12.9,0.76), within 7% of the values obtained
here. The grating fabrication and the film deposition in-
volved in the present study were carried out over a period
of several months, and deposition conditions and the re-
sulting film properties invariably drift over this time
period; no adjustment was made in the dielectric values
used in the comparison between theory and experiment.

----theory
—— experiment

first order
horizon

REFLECTANCE (a.u.)

1 by 1 i

10 11 12 13 14 15

INCIDENT ANGLE (deg)

Fig. 15 Calculated zero-order reflectivity SPW resonance line
shapes for ¢ = (~13.65,0.82) at grating depth A = 19 nm. The
experimental result (k = 22 nm) is shown as the solid curve.
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Fig. 16. Calculated SPW resonance parameters plotted against
the dimensionless parameter A/d.

Comparisons with the experimental results are shown
on the right-hand sides of Figs. 2 and 3. In each case the
grating depth for the calculation is adjusted to give cou-
pling efficiencies that match the experimental results.
There is overall excellent agreement. For the deepest
grating shown experimentally, A = 145 nm, there is a
substantial difference with the model that is probably
associated with the significant deviation from a simple
sinusoidal profile at this depth (cf. Fig. 4). Figures 5-7
present the model results along with the experimental
data for the coupling efficiency, the resonance angle, and
the resonance linewidth for all three grating periods inves-
tigated. There is an excellent qualitative match between
that for the linewidth of the 440-nm-period gratings, is
most probably due to a variation in the film dielectric
properties for this set of gratings. The coupling efTicien-
cies first increase rapidly as the grating depth is increased,
saturate near 100% coupling, and then decrease as the
resonance becomes overcoupled owing to radiative damp-
ing back into the zero-order radiation fields. This cou-
pling change is accompanied by approximately quadratic
changes in the resonance angle and linewidth with in-
creasing grating depth. Remarkably similar qualitative
behavior was predicted by Weber and Mills® in their
numerical analysis of grating coupling for 800-nm-period
Ag sawtooth gratings. They evaluated the third-order

Zaidietal.

coupling at A = 480 nm and found a maximum coupling
strength for grating depths of 40-60 nm.

The model results are summarized in Fig. 16, which
shows the calculated resonance angle, resonance line-
width, and coupling strength plotted against the dimen-
sionless parameter h/d for the three grating periods
investigated. For evaluation of the coupling efficiency
this parameter is reasonably invariant; there are more
significant deviations in the evaluation of the resonance
line-ghape parameters.

Overall, this simple model provides a good picture of the
experimentally observed resonance variations. Disagree-
ments between theory and experiment increase for deeper
gratings and larger periods. A significant phenomenon
not included in the theoretical model is the deviation from
sinusoidal grating profiles, which increases as the grating
depth is increased and also is more significant for larger
grating periods. The films also exhibit significant sur-
face roughness (see Fig. 4), which has not been included in
the model and may influence the observed line shapes.

Calculated zero-order, TM-polarization reflectivity
curves for deeper gratings, up to A/d ~ 1, are shown
in Fig. 17. Again, there is good qualitative agreement
with the large coupling into the diffraction order for
deep gratings (k/d ~ 0.5), although detailed comparisons
are not possible because of the strong deviation from a
simple sinusoidal profile of the experimental gratings.
The model does not show the absorption of TM-polarized
radiation seen experimentally. A detailed comparison
with experiment requires deep sinusoidal gratings, which
are inherently difficult to fabricate because of the strong
nonlinearities of existing photoresists.” More nearly
sinusoidal gratings can be fabricated on a transparent
substrate; research continues in the pursuit of a better
experimental test of the model for deep gratings. The
theoretical model loses much of its simplicity for rectan-
gular gratings, where many Fourier components of the
grating profile are comparable in intensity.

1.2
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Fig. 17. Calculated zero-order reflectivity for deep (AMd ~ 1) si-
nusoidal gratings in TM polarization (d = 510 nm).
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SUMMARY

A gystematic experimental and theoretical study of first-
order grating coupling to SPW's existing at an air-Ag
interface was reported. The experiment extends the
range of investigated grating depths to A/d ~ 1. For TM-
polarized incident radiation this includes the entire range
of SPW-radiation coupling—from underdamped, to nearly
100% coupling, to overdamped and the ultimate disappear-
ance of the SPW resonance from the observed zero-order
reflectance. Strong polarization and absorption effects
are observed for the deepest gratings. A simple theoreti-
cal model, based on the Rayleigh hypothesis and retaining
only resonant diffraction terms without making a small-
signal approximation, provides good agreement with the
experimental results.

Several extensions of this work are immediately appar-
ent. For larger grating periods there are more diffrac-
tion orders and SPW coupling resonances. Interesting
coupling effects occur when two of these resonances occur
at approximately the same angle. These effects have
been investigated experimentally and theoretically and
will be reported in a subsequent publication, In addition,
the SPW resonance can be used to characterize metal op-
tical constants under a variety of deposition conditions.
A study is under way that compares this technique with
more conventional techniques such as ellipsometry.
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Grating coupling to surface plasma waves.
II. Interactions between
first- and second-order coupling
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For grating periods larger than the excitation wavelength, multiple-grating orders couple incident optical radia-
tion to the surface plasma waves (SPW's) characteristic of the metal-air interface. For a grating period that is
an integral multiple of the wave vector of these surface modes, two resonances become degenerate in coupling
angle. There are also permitted diffraction orders at this coupling angle. The vicinity of this multiple-mode
coupling resonance, where several free-space electromagnetic modes, as well as two surface modes, are coupled
by different orders of a grating, is known: as a minigap region. Not surprisingly, the response surface displays

es on frequency, angle, and grating profile. A detailed experimental and theoretical study is
presented of the optical response at 633 nm in the (+1, —2) minigap region for Ag films deposited on photolitho-
graphically defined 870-nm-period gratings. Measurements of both the 0-order reflectance and the —1-order
diffraction are presented for a wide progression of grating depths. The SPW resonances depend on the grating
depth, and this variation is used to tune through the minigap region for a fixed wavelength and period. Simj-
lar measurements are presented for a single grating as a function of wavelength through the minigap region.
In both measurements the 0-order response shows only a single broad minimum as the resonances approach
degeneracy, while the —1-order diffraction shows clearly defined momentum gaps. A simple thearetical model
based on the Rayleigh hypothesis is presented thst gives a good qualitative picture of the response. The re-
sponse surfaces are sensitive to the grating profile, and detailed modeling requires inclusion of higher-order

grating components.

1. INTRODUCTION

Optical interactions with metallic gratings have long fas-
cinated scientists. Wood's initial observations of grating
anomalies' were classified by Fano® into (1) diffraction
anomalies associated with the redistribution of energy
among diffraction orders when one order passes over the
horizon (i.e., the propagation direction reaches an angle of
90" to the grating normal) and (2) resonance anomalies
associated with the propagation of guided waves along the
grating interface. A large body of experimental and theo-
retical research relating to optical interactions with peri-
odic surfaces has been accumulated.®* This paper is
concerned with resonance anomalies and is focused on the
propagation of guided waves, known as surface plasma
waves (SPW’s), on bare metallic surfaces.

For grating periods less than the excitation wavelength,
only first-order coupling to SPW's is periyitted and has
been described in detail elsewhere.® For grating periods
larger than the incident wavelength it is possible to couple
to SPW’s in higher orders and to observe electromagnetic
interactions between these couplings. These interactions
are the major focus of this paper. The first experimental
evidence of these interactions between different coupling
orders was provided by Stewart and Gallaway,® who ob-
served that in some cases Wood's anomalies did not become
coincident but repelled each other as the optical wave-
length was varied to bring the resonances closer together.
Ritchie et al.” also cbeerved gaps in the dispersion relation
of the SPW's and attributed them to higher-order interac-
tions between SPW’s. Hutley® and Hutley and Bird® car-

0740-3224/91/061348-12825.00

ried out a detailed experimental study of the anomalies of
sinusoidal diffraction gratings in the visible spectrum.
The anomalies were characterized in a Littrow configura-
tion as a function of groove depth, period, and wavelength,
and in some cases a reluctance of anomalies to merge was
observed. Kroo et al.™ observed similar gaps in the dis-
persion relation of SPW's in metal-oxide-metal structures
and attributed them to the crossing of (+1, ~1) coupling to
SPW's. Chen et al." experimentally investigated grating
coupling to SPW's in the minigap regions, i.e., degenerate
coupling to SPW’s in two different grating orders, such as
(+1,-2) or (+2, ~2), and measured energy gaps for vari-
ous minigap regions. Weber and Mills' and Tran et al.”
showed theoretically that interactions of elastically scat-
tered SPW's result in complex response surfaces in the
vicinity of the minigaps and that a direct interpretation in
terms of a modal dispersion relation is difficult at best.
Detailed modeling and careful evaluation of couplings in
both amplitude and phase are necessary for a full appreci-
ation of the experimental results. Heitman et al.}*
showed from experimental studies on metal-oxide-metal
structures that the existence of energy or momentum
gaps was dependent on the mode of excitation and the ex-
perimental observable; i.e., using fast electron excitation
and light emitted from metal-oxide-metal structures,
they observed energy and momentum gaps, but only en-
ergy gaps were obeerved from optical excitation (similar
to Chen’s results). They also pointed out that the anoma-
lies strongly depend on grating period, depth, and profile
as well as on the excitation mechanism and the method
of detection.

© 1991 Optical Society of America
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When higher-order couplings to SPW's are studied, the
permitted diffraction orders are strongly coupled to the
SPW’s; therefore the incident beam, all propagating dif-
fracted beams, and the SPW's must be taken into account
for a complete understanding of these complex interac-
tions. The effect of SPW resonance on diffraction orders
has been studied by many authors.'*!" However, all those
studies dealt with single SPW resonance; the effects of
multiple couplings have not been investigated experimen-
tally. Here, a systematic theoretical and experimental in-
vestigation of SPW interference in the (+1, ~2) minigap
region is presented. Both the 0-order reflectance and the
~1-order diffraction (the only permitted Jiffraction order
in the angular region of SPW coupling) were measured at
633 nm as 8 function of the incident angle for various grat-
ing depths and profiles at a fixed grating period of 870 nm.
The angular shifts in the SPW resonance angles as a
result of the increasing grating depths were used to tune
through the coupling degeneracy. By adding intensities
in the 0-order reflectance and the —1-order diffraction to
find the total reflected energy, we observed momentum
geps. Also, for a single-grating profile similar measure-
ments were repested as a function of wavelength. Con-
sisten: with the experimental results discussed above,
momentum gape were not found in the O-order reflec-
tance; however, well-defined momentum gaps were ob-
served in the -1 diffraction order.

Finally, e simplified theoretical formalism, developed
for the analysis of first-order coupling,’ is extended. This
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analysis, based on a simple truncation of the plane-wave
expansion of the scattered fields within the Rayleigh
hypothesis, provided remarkably good agreement with
the first-order coupling results. Not surprisingly, while
the major features of the experiment are reproduced, the
agreement is less satisfactory for this more demand-
ing case.

‘The dispersion relation for SPW’s at 8 metal-air inter-
face is given by

kepw = kole/(1 + €], 0}

where ko is the free-space propagation vector and ¢ is
the metal dielectric constant. The excitation of SPW's
takes place whenever the wave vector of the incident light
parallel to the metal-air grating interface satisfies the
condition

ko 8in 0 + 2wn/d = thew, (2)

where 8 is the incident angle, d is the grating period, and
n =0,%1,+2,... represents the coupling order. For a
logsless free-electron metal (¢ = 1 — w,'/w?), the disper-
sion relation [Eq. (1)] is plotted in Fig. 1, where k, = w,/c.
The vertical dashed lines represent the various grating
orders, and the horizontal lines indicate the accessible
wave vectors (2wn/d to ko + 2wn/d) in the +1 and
—2 orC--8. Note that cxupling to SPW's can be achieved
for both of these orders for the choice of w and d corre-
sponding to the present experiment. Coupling in the +1
(~2) orders results in the propagation of SPWs in the for-
ward (backward) [i.e.,, same (opposite)] direction as the y
component of the incident wave vector. The ~1 diffrac-
tion order is permitted throughout the angular range of
the two SPW couplings, and its properties are strongly in-
fluenced by the SPW reaonances. Also rote that degener-
acy in the coupling angle 8 corresponds to the coupling of
the oppositely directed SPW’s by an integral multiple of
the grating wave vector (3 in this case). In a fashion fa-
miliar from many examples of mode coupling, this degen-
eracy results in the interactions between the SPW modes
that give rise to the minigap effects.
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Fig. 3. O-order reflectances at 633 nm for 870-nm-period grat-
ings with varying grating depths A. The left-hand column
presents experimental results; the right-hand column presents
theoretical modeling. See the text for details,

2. EXPERIMENT

Gratings were fabricated holographically in positive photo-
resist on Si substrates with a single-frequency Ar-ion
laser source at 488 nm.”* Grating depths were varied by
adjustment of the exposure time. This results in varia-
tions in both the depth and the grating profile, which
varies from approximately sinusoidal at small depths to
rectangular at the deepest gratings investigated. These
photoresist gratings were coated with ~100-nm-thick Ag
films with the use of an electron-beam evaporator system
at room tempersature and at a background vacvum of low-
107* Toer.

The optical measurements were scans of reflectance
(diffraction) versus incident angle in the experimental
setup shown in Fig. 2. In this arrangement two concen-
tric rotation stages are used, with the sample mounted on
the inner stage and the detector mounted on the outer
stage. The dats acquisition step involved a personal com-
puter interfaced with a stepper motor controller, which, in
turn, controlled the two rotation stages. Most measure-
ments were made st the He-Ne laser wavelength. For the
varisble-wavelength measurements a cw-dye-laser source
was used. Grating depths were measured in cross section

with a scanning electron microscope (SEM). 'l'humtm- ‘

duces errors, estimated at +5 nm, owing to uncertainties
in the SEM calibration and to variations in grating depths

Zaidietal.

for the different areas sampled in the optical and SEM
measurements.

3. O0-ORDER REFLECTANCE
MEASUREMENTS

Figures 3a-3d show the 0-order reflectance scans as the
grating depth is increased. The plots in Figs. 3e-3h are
obtained from the modeling and will be discussed in Sec-
tion 8. The following important features should be noted:

(1) The excitation of SPW’s in the first (n = +1) and
second (n = —2) orders at ~18° and 24.7°, respectively,

(2) The horizon for the associated diffraction orders at
15.8° and 27.1°, respectively,

(3) The increase in the first-order coupling efficiency as
the grating depth is increased,

(4) The relative weakness of the second-order coupling,

(5) The decrease in the angular separation of the two
coupling resonances as the grating depth is increased.

Also note that the angular shifts in the second-order reso-
nance are almost twice those in the first order.

For deeper gratings the corresponding measurements
are shown in Figs. 4a—4d; as before, Figs. 4e—4h are ob-
tained from theory. Note the following features:

(1) The increase in the ~2-order coupling strength,
(2) The merging of the first- and second-order cou-
plings, resulting in a saddle-point line shape,
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Fig. 4. Same as Fig. 3 but for deeper gratings.
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Fig. 5. Cross-section SEM
for the experiments. The measured depths are (a) 95 om,
(b) 110 nm, (c) 122 nm, and (d) 150 nm.

of the gratings used

(3) The emergence of a broad minimum (Fig. 4d),

where first- and second-order couplings can no longer be
distinguished.
This is similar to the behavior observed” and calculated™
for similar fixed-frequency reflectivity scans in the vicin-
ity of a minigap. As a result of the saddle-point response
surface, only a single, broad resonance is observed when 0
is varied for fixed w, while two distinct resonances and an
energy gap are found when w is varied for fixed &

In Fig. 5 SEM profiles of the gratings used to obtain
Figs. 4a-4d are shown. Increasing grating depth also
results in increasing deviation from sinusoidal profiles as
a result of the grating fabrication technique.” For still
deeper gratings the corresponding measurements are
shown in Fig. 6, where the vertical acale is unchanged
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from that of Figs. 3 and 4. For these approximately
rectangular grating structures (cf. Fig. 7), there is an
overall decrease in the 0-order reflectance, an absence of
clear SPW coupling resonances, and line shapes that do
not lend themselves to simple interpretation.

- 4. —1-DIFFRACTION-ORDER

MEASUREMENTS

For this grating period and measurement wavelength the
-1 diffraction order is a propagating mode throughout the
entire incident angle range including that of the SPW reso-
nances. Coupling to this propagating order provides addi-
tional information on the SPW resonance characteristics.
In fact, the first observations of Wood’s anomalies were
related to diffraction orders rather than to 0-order reflec-
tance. Measurements of the energy coupled into the SPW
mode must take into account both the reflectance and the
energy coupled into the diffraction order. Diffraction-
order scans corresponding to the 0-order scans of Figs. 3a~
3d are shown in Figs. 8a-8d; as above, the plots in
Figs. 8e-8h are obtained from theory. The vertical scale
on these measurements is the same as that for the 0 order,
so the diffracted energy in the —1 order is significant
when compared with the reflectivity. The following fea-
tures should be noted:

(1) The line shapes are derivativelike as the incident
angle is varied through the SPW resonances,

(2) The coupling strengths are equal, in contrast with the
much weaker —2-order coupling observed in the reflectiv-
ity (cf. Figs. 3a-3d),

(3) Neither the maxima nor the minima in the diffraction-
order intensities correspond to the 0-order minima,

(4) There is an enhancement of the diffraction-order in-
tensity in the region between the SPW interactions,

(5) As the grating depths increase, the angular separa-
tion between the SPW resonances as measured between
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Fig. 6. 0-order reflectances at 633 nm for gratings with (a) reeid-
ual SPW effects and (b) abearptive behavior.
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Fig. 7. Cross-section SEM photographs of the gratings used for
the measurements in Fig. 6.

either the minima or the maxima of the line shapes first
decreases (Figs. 8a-8¢) and then increases (Fig. 8d).

For deeper gratings, corresponding to the 0-order scans
of Figs. 4a-4d, the diffraction-order scans are shown
in Figs. 9a-9d, where, as akcve, Figs. 9e-9h are the result
of theoretical modeling that will be discussed in Sec-
tion 8. The following features can be noted from these
measurements:

(1) There is an increase in the angular separation of the
two minima with increasing grating depth, in contrast
with the behavior in the 0-order measurements, where the
minima move toward each other and merge,

(2) There is a decrease in the angular separation of the
two maxima (Figs. 9a-9¢c) and an emergence of a single
maximum (Fig. 9d),

Zaidi et al.

(3) The enhancement in the —1 diffraction order is such
that the minimum in the 0 order (Fig. 4d) corresponds to
the maximum in the diffraction order (Fig. 9d).

A comparison of the 0-order (Figs. 4a-4d) and -1-diffrac-
tion-order (Figs. 9a-9d) measurements shows that much
of the incident energy is re-emitted into the diffraction
order. This enhancement in the diffraction-order inten-
sity is mediated by SPW interactions.

Finally, the diffraction-order measurements are shown
for gratings with residual SPW coupling effects (Fig. 10a)
and without SPW effects (Fig. 10b), corresponding to the
0-order scans of Fig. 6. For the shallower grating, there
is & decrease in intensity, and two broad minima, at 18.2°
and 24°, are observed, with the minimum at 18° corre-
sponding to the maximum in the 0 order (Fig. 6a) and the
minimum at 24° corresponding to neither the minimum
nor the maximum in the 0 order (Fig. 10a). For the deep-
est grating measured, there are no residual SPW effects
but rather a substantial decrease in the diffraction-order
intensity for all angles.

5. ENERGY-SUM MEASUREMENTS

For these measurements, only the 0 and -1 orders are
propagating within the angular range of SPW inter-
actions. Thus we can evaluate the total energy coupled to
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SPW’s by adding the energies in these orders. Fig-
ures 1la-11d show these energy sums for the measure-
ments of Fig. 3 (0 order) and Fig. 8 (-1 diffraction order).
The measurements for the deeper gratings (Figs. 4 and 9)
are given in Figs. 11e-11h. Note that

(1) The coupling efficiencies are reduced in comparison
with the 0 order, since some of the incident energy is also
coupled into the diffraction order,

(2) The coupling of energy to SPW’s in the —2 order is
manifested by the resonance line shape, in comparison
with the less-well-defined line shape of Figs. 3a-34,

(3) There is a gradual increase in coupling efficiency
and a broadening of the first-order resonance line shape
followed by a decreasing efficiency at still deeper gratings,

(4) There is a decreasmg angular separation (Figs. 11a-
11f) followed by an lncreaamg separation for deeper
gratings.

Both the -1-order measurements and the energy-sum
measurements show a well-defined momentum gap; i.e.,
they show two resonances as a function of ¢ at fixed »
that first approach each other and then diverge as the
grating depth is increased.

The experiments exhibited strong dependence on the
details of the grating profiles. For some cases, with ap-
proximately sinusoidal profiles, saddle-point line shapes
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were not observed in the 0-order reflectances. Also, the
diffraction-order line shapes were similar to the 0-order

line shapes at SPW resonance angles. Not unexpectedly,
the higher-order Fourier components of the grating pro-
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"Pig. 12. O-order reflectance and -1-diffraction-order scans

for the 85-nm-deep gratings (Figs. 4a, 9a, and 1le) as the wave-
length is increased from 586 to 607 nm. The left-hand column
presents the O-order measurements; the right-hand column pre-
sents the —1-diffraction-order measurements.

files substantially affect the first- and second-order cou-
pling strengths and line shapes.

6. VARIABLEWAVELENGTH
MEASUREMENTS

For the 95-nm-deep grating (Figs. 4a, 9a, and 1le), a series
of 0-order reflectance and —1-diffraction-order measure-
ments was carried out as a function of wavelength. The
output from a dye laser was tuned through the 580-
633-nm range, sufficient to probe the (+1, ~2) minigap

region.

Figure 12 shows the 0-order reflectance (Figs. 12a-124)
and —1-diffraction-order (Figs. 12e~12h) acans as wave-
length is increased from 586 to 607 nm; the vertical scale
for the diffraction-order measurements is ten times more
sensitive than the corresponding scale for the 0-order
measurements. Note the following essential features:

(1) The angular separation decreases between the n =
+1 and n = -3 couplings, with the angular shifts in the
second order being almost twice those in the first order,

(2) A well-defined resonance is absent in the 0-order
scans corresponding to the n = -2 coupling, and the broad
SPW resonance corresponding to the n = 41 coupling
moves toward smaller angular values (Figs. 12a-12d),

(8) The intensity in the -1 diffraction order is gradually
reduced in the angular region between the two couplings,
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(4) As in the previous measurements, the ~1-diffraction-
order measurements show comparable, mirror-image cou-
plings for the two SPW resonances, while the —2-order
coupling is barely observable in the 0-order reflection.

A further increase in wavelength brings the two cou-
plings still closer, and some interference effects are ob-
served as shown in Fig. 13. The major features are the
following:

(1) The monotonic shift to smaller angular values in the
0O-order reflectance scans corresponding to the n = +1
coupling as the wavelength is changed (Figs. 13a-13d),

(2) The appearance of a sharp feature at 23.8° in the
~1-diffraction-order measurements (Figs. 13e-13f),
which corresponds approximately to the horizon for the
appearance of the ~2 diffraction order,

(3) The appearance of a slight discontinuity in the -1-
diffraction-order line shape (Fig. 13g),

(4) The decrease in the angular separation between the
two couplings (Figs. 13e-13g),

(5) The sharp increase in the diffraction-order intensity
a8 the two couplings cross each other.

In Fig. 14 these measurements are extended to still
longer wavelengths, beyond the (+1, —2) minigap region.
The major features include

(1) The appearance of n = —2 coupling in the 0-order
scans (Figs. 14a-14d),
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Fig. 14. Same as Fig. 12 but for an increase in wavelength from
619 to 633 nm.

(2) The appearance of a sharp feature at 24.2° (Fig. 14e)
corresponding to similar features in Figs. 13e-13f,

(3) The increase in angular separation between the n =
+1 and n = -2 couplings,

(4) The increase in —1-diffraction-order intensity in the
region between SPW couplings,

(5) The reversal of the resonance line shapes in the
diffraction-order measurements, evident from a compari-
son of Figs. 12e~-12g and 14e-14g.

Thus, as couplings to SPW’s in the first and second
orders become degenerate, interference effects result in
an enhancement in the diffraction-order intensity over a
narrow angular range. When the modes cross each other,
the resonances observed in 0 order show a single minimum
and do not exhibit a momentum gap (Fig. 16a), while a
clearly defined forbidden momentum gap is observed for
the —1-diffraction-order scans (Fig. 15b). The magnitude
of this gap is ~0.3° and is in good qualitative agreement
with the momentum gaps observed by Heitman ef al.

7. THEORY

A variety of mathematical formalisms have been applied to
describe optical interactions with periodic surfaces. Inte-
gral methods were first proposed by Petit and Cadilhac,®
Wirgin,” and Uretski.® A number of integral formula-
tions have been investigated, including a Green’s-function
formalism based on an extinction theorem mechanism
developed by Glass et al.® Laks et al.* and Utagawa.®
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In addmon, differential formalisms developed by Neviére
et al.* and Numata® have also been used to study SPW
dispersion relations. All these methods are rigorous, hold
for arbitrary grating profiles, and require extensive com-
putation.

Simpler, approximate formulations have been intro-
duced starting from the Rayleigh hypothesis**® and from
the extinction theorem formalism.® These were demon-
strated to offer a good approximation of the exact calcula-
tion™ and to first-order coupling experiments.® While
these formulations are lacking in ultimate rigor and accu-
racy, they offer a good intuitive physical picture of the
interaction with a minimum of computational difficulty.
Here, the extension of this simple formulation for the
minigap region is briefly described. More details are pre-
sented in Appendix A,

For TM-polarized light incident on a sinusoidal surface
with an excursion of 2u, a straightforward but involved
algebraic procedure results in the coupled linear differen-
tial equations

Jp(klu) + 28:(_1)’-. p--(anu) - ZB:‘J,-.(B.M) =0

(&)
ko
(K. - pg;)d,(k.u)
k.
- z [al - (P - n)g—]B:(—ly—‘Jp—l(auu)
1
- ';" ?[ﬁ. (P - n)gE: :Jp-a(ﬂuu) =0, 4)
where all variables are defined in Appendix A.

SPW COUPLING IN THE
(+1,-2) MINI-GAP REGION

- first order
«second order "

a O-order reflectance
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18 l1 l. 21 25

INCIDENT ANGLE (deg)

Fig. 15, Plot of the resonance behavior observed in Figs. 12-14.
The O-order reflectivity (a) shows a single dominant resonance
becoming a single broad minimum in the minigap region. In
contrast, the -1.diffraction-order scans (b) show a well-defined
momentum gap corresponding to the (+1, —2) minigap region.
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Fig. 16. Comparison between theory and experiment for a
grating with a nearly sinusoidal profile. The left-hand column
presents experimental results; the right-hand column presents

theoretical modeling.

In the derivation of Eqs. (3) and (4) no small-gignal
approximation is made for either the grating depth or
the diffraction-order amplitudes. From the dispersion-
relation curve in Fig. 1, for the present case the only reso-
pant terms in the above expansions [Eqgs. (3) and (4)] are

= +land n = —2. The n = ~1 term is the permitted
diffraction order and is strongly influenced by SPW inter-
actions. The infinite series was truncated at n = 0, -1,
1, -2, which resulted in an 8 x 8 matrix and considerable
simplification. Previous analyses included many more
terms and provided significantly greater accuracy. Since
the experimental profiles were not precisely sinusoidal,
additional Fourier components were included in the grat
ing profile. It was shown by Van den Berg and Fokkema®
that the Rayleigh hypothesis would still be valid if a pro-
file could be described by a finite Fourier series. The
mathematical analysis, however, becomes progressively
meore complex as the number of higher-order Fourier com-
ponentaummued. For the present purpose the surface
profile is redefined to include only one additional Fourier

component:
z = u, sin(gy) + u, 8in(2gy). 6)

In general, u; is much smaller than u,. For this profile
we obtain

J,(h,ll])!’o(k,l‘)) + z( 1y~ -u(alul)Jﬁ(aiui)B:
- EB.-J -n(ﬁnul)Jo(ﬁ-ua) )
+ 5.:‘ A(ps) + T B(pn,e) + ZC(p.n.-)] =0 (6

and
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2p) + S BB - 7 SFp)
+ Z1G(po) + ZHpn,o) - % Zb(p.n.t)] =0, (7)

where A, B, C, D, E, F, G, I, and L are defined in
Appendix A.

Equations (6) and (7) reduce to Egs. (3) and (4) for u; =
0. The terms in these equations are of the general form
J,dJ,; in the numerical calculations terms are retained up
tos + 8 = 3; i.e., Jods, Jodi, Jods, Jods, 1y, and Sy J;.

8. COMPARISON BETWEEN THEORY
AND EXPERIMENT

In a previous analysis of first-order coupling to SPW's it
was shown that the best fit to the experimental results was
obtained for a Ag-film dielectric constant of (—13.65,0.82)
(Ref. 5); this value was used without further adjustment.
In Fig. 16 experimental and theoretical reflectance scans
versus angle are shown for an 854-nm-period grating with
a nearly sinusoidal profile. The theoretical calculations
were carried out with the use of Egs. (6) and (7). Note
that the calculated +1-order coupling resonance line shape
in the —1-diffraction-order scan (Fig. 16b) is similar to
the 0-order line shape (Fig. 16a) and that the two reso-
nances are comparable, although only a small enhance-
ment rather than a coupling dip at the ~2-order resonance
is observed in the O-order scan. The theoretical line
shapes (Figs. 16¢c and 16d) closely follow the experimental
line shapes, although the observed resonance widths are
slightly larger than those predicted.

For grating profiles deviating from a sinusoidal shape,
u, and u; were adjusted to produce line shapes closest to
those experimentally observed. In Fig. 17 the experimen-
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Fig. 17. Comparison between theory and experiment for a pro-
file showing a slight devistion from a sinuscidal shape. The left-
hand column presents experimental results; the right-hand
column presents theoretical modeling.
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tal and calculated plots for a grating with a 765-nm period
are shown. This grating deviated from a sinusoidal pro-
file and showed appreciable coupling in the second order
(Fig. 17a). In the -1 diffraction order sharp spikes in in-
tensity at SPW resonance minima are observed (Fig. 17b).

The calculated 0-order plot (Fig. !7¢c) is similar to the ex- -

perimental plot (Fig. 17a). The calculated ~1-diffraction-
order plot (Fig. 17d), although showing intensity spikes at
both SPW resonances, fails to display the experimentally
observed dispersionlike minima, shows unequal intensi-
ties at the SPW resonances, and does not replicate the ob-
served diffraction efficiency enhancement in the region
between the SPW resonances.

Thus this simple model includes many of the major
features observed, but for a complete description higher
Fourier coefficients must be included, as we can see
in comparing the experimental and theoretical plots in
Figs. 3a-3d and 3e-3h above. Note the following features:

(1) The resonance line shapes in the second order are
different (Figs. 3a~3c and 3e-3g),

(2) The observed grating depths are much larger than
those predicted (Figs. 3a~3c and 3e-3g},

(3) The calculated angular shifts are much smaller than
those observed.

The large difference in grating depths and the second-
order line shapes is due to the omission of higher Fourier
coefficients in the grating profile that result in cancella-
tion effects in second-order coupling. Specifically, the
model at present does not include a third-order coeffi-
cient. Yet, as we discussed above, it is just this Fourier
component of the grating that resonantly couples the
counterpropagating SPW modes. For deeper gratings
the comparison between observed (Figs. 4a-4d) and pre-
dicted (Figs. 4e—4h) reflectance scans show the following
features:

(1) There is an evolution to a broad minimum (Figs. 4e-
4h),

(2) The calculated and observed depths are similar
(Figs. 4a—4c and 4e-4g),

(3) The calculated angular shifts are smaller than those
observed,

(4) The calculated energy coupled to the diffraction
order is much higher than that observed.

Note that the calculated plot in Fig. 4h is for a sinusoidal
profile, while the actual profile shows considerable devia-
tion from a sinusoidal shape (Fig. 6d). These compari-
sons emphasize the importance of knowledge of the exact
profile for calculation of its reflectance behavior.

The comparison of calculated (Figs. 8a-8d) and ob-
served (Figs. 8e-8h) diffraction-order line shapes shows
the following features:

(1) There is a lack of energy enhancement in the region
between intensity spikes (Figs. 8e~8h),

(2) The calculated apikes in intensity are slightly asym-
metric (Figs. 8e-8g),

(3) The calculated energy in the diffraction order is
higher than that observed.

For deeper gratings a similar comparison of cbserved
(Figs. 9a-9d) and calculated (Figs. 9e-9h) diffraction-
order line shapes shows the following features:
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(1) An energy enhancement for the calculated line shapes
in the region between SPW resonances (Figs. 9e-9h),

(2) The appearance of shallow minima (Figs. 9e-9h),

(3) The appearance of an asymmetric line shape in
Fig. 9g,

(4) The sharp decrease in signal from ~10° to 15° in
Fig. sh.

Thus the comparison of theory and experimental results
indicates that, although the theory manages to show major
features of our data, many finer details are not observed.
A more detailed theoretical investigation, including both
higher Fourier coefficients and a more rigorous formal-
ism, is necessary to provide a detailed fit between theory
and experiment.

9. SUMMARKY

A systematic experimental study of interactions between
SPW couplings in the (+1, —2) minigap regions is reported.
The experiment covers the entire range of SPW inter-
actions, ranging from weak-coupling to stronger-coupling
effects and to deeper profiles showing absorption rather
than SPW effects. The simple theoretical model, al-
though missing many of the finer details, shows the major
features of our experimental data. One can develop a
better mode! by including several Fourier coefficients in
the grating profile.

Several extensions of this work are immediately appar-
ent. For larger grating periods there are more diffrac-
tion orders, and it would be interesting to see how energy
is distributed in these orders at SPW resonance angles.
Also, the appearance of momentum gaps in the 0 order
depends on the strength of interactions.

As we noted above, there has been much discussion of
the physical significance of momentum and energy gaps in
the minigap regions. As this study, as well as others, !¢
demonstrated, the response surface is quite complex in the
vicinity of a minigap, and a complete analysis of the ex-
perimental situation is necessary. Most theoretical treat-
ments of SPW effects on gratings can be cast as a linear
algebraic problem of the general form ME = 8, where the
vector E represents the response fields, M is the medium
response matrix, and 8 is the source of excitation vector.
Formally, this is solved as E = M8, where each term in
the inverse matrix is proportional to (det M)™. In many
situations knowledge of this determinant, and hence
of the dispersion relation, is sufficient for an understand-
ing of the main features of the response. For example, for
the case of a single SPW resonance, the experimental dis-
persion relation obtained from the resonance angles and
the linewidths of the 0-order coupling dipe are in reason-
able agreement with that calculated from the determinant
of M; higher-order terms can be added to evaluate the ef-
fect of deeper gratings® In the minigap region this pro-
cedure clearly is not appropriate; for example, neither of
the extrema observed in the first-order coupling coincides
with the 0-order coupling resonance angles. In this situ-
ation it is not possible simply to extract a dispersion
relation from the experimentally observed line shapes. A
full treatment of the system response is necessary for in-
terpretation of the measurements in terms of modes and




---------“‘-'-“
- )

C

1358  J.Opt. Soc. Am. B/Vol. 8 No. 8/June 1991

APPENDIX A

For s TM-polarized plane wave incident on a sinusoidal

interface we can define a (magnetic) B field below and

above the grating by using the Rayleigh hypothesis:
B*(3%2) = expli(k,y + k.2)] + 3 B} expli(K,y ~ a.2)],

z2<0,

B*(yz) = }.:B:' expli(K.y + B.2)}, z> 0,
where k, = ko 8in 6, k, = kocos 8 kg = wjc, k, = k, + ng
(n = 0,%1,%2), g = 2n/d (d is the grating period), and
an = ik — k)2, By = ik - ko)
For a sinusoidal surface the profile is given by
f(y) = u sin(gy),

so that, by applying the generating function for Bessel
functions, we obtain

expliv/(y)] = explivu sin(gy)] = I explipgy)J,(yu).

F LA

By applying the boundary conditions
B'(y,z) = B™( 2)sapn»

. 1 _6_ -
‘a";B (5 2) R anB (xz)l.-n,).

where 3/dn is the normal derivative to the surface and is
defined by

2. {1 . [m '}'“[1 _zf_@i],
on 3y 0z dy oy

we arrive at Eqs. (3) and (4) above. For a more complex
sinusoidal surface the profile is given by

f(y) = u, sin(gy) + us sin(2gy),
and we obtain
explivf()] = 3 expli(p + 2q)gy},(yus)Jlyus).
e
Again, applying the boundary conditions leads to Egs. (6)
and (7) above, where the constants are given by
A(p,3) = [Jy-0(Ru1) + (=11, 000(Re1)Wi(Ro1ts),
B(p,n,8) = (=17 "Bl J,-a-sla11)
+ (‘l)‘!"-u»lc(anul)]"d(a-ut),
Ap,n,s) = BI{J,-a-2a(Batty)
+ ("1)'-’ —-ou(ﬁ-“l)]"c(ﬂ-ul).
D(p) = (K, ~ pg(k,/R)}y(Ru1)Jo(Rus) — ghyus
x [Jp-l(k:ul) + Jpol(klul)]‘lﬂ(ktu!)v
E(p,n) = ~(-1Y"Bla. - (p - n)g(k./a,))
x J;—n("l”l)"‘(’nul) — §husB;
x [J -a-s{aath) + J,-.q(a.u;)]J.(a.u.),
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F(p,n) = BX(B. ~ (p ~ n)g(k./B.)]
X Jy_n(Batt)o(Bauis) — ghaus BT
X (Jy-n-s(Batts) + Jp-nes(Bati)}o(Batia),
G(p,2) = [k ~ (p - 28)8(R, [k}, -2, (R,u1)d,(k,tss)
+ (~11k, - (p + 25)g(k,/R,)), . 2u(h,u1)
X Ji(hug) - ghyudd,. g 2(k,uy)
+ (S1)pea-g(hun)Jy(Rous) — ghyus
X (p-zgealletsy) + (—1Yp0 20020k, u1) ), (R us),
I(p,n,8) = —(~1Y""BJas ~ (p ~ n —~ 28)g(k./as)]
X Jp-a-sdastWi(aats) + (~1)'B2
X [as =~ (p = n + 25)g(ka/a)]
X Jp-neda@atir)di(asus) — ghaus Bi
X [Jpon-so-sl@atsy) + (=1Ydp_nsge-2(aatr)]
X Jy(aatts) — ghatta Bi[Jp-n-20s2(cnuty)
+ (+ 1), asaerlasun))di(anns),

L(p,n,s) = BJ(Ba — (p ~ n - 235)g(ka/Bs)]
X Jp-n-2(Bat1)di(Batis) + (~1YBY
X [Ba = (p = n + 28)g(ka/Bn)]
X Jp-nenl(Batt1)di(Balis) — ghauzBY
X [p-n-2-3(Bath1) + (=1YJ,_nszu-2(Batiy))
X J(Balty) — ghyus BN Jy-n-2.03(Bauty)
+ (= 1Vp-nenie2(Batt1))J(Batia) .
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